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RHIC II White Paper 
 

Introduction 
This document provides information and summarizes various parameters and part counts for the cost estimate of RHIC II. 
 
Other supporting documents available:  

• WBS 
In addition, we define the following Major Milestones: 
 
* INJECTOR COMPLETE 
 This milestone is achieved by testing of electron beam from e-Gun to beam dump.  
Involves at least: 

1) operational e-gun 
2) cryogenics system 
3) injection beam transfer line from gun to SC cavity with magnets and vacuum tube  
4) beam transfer line from cavity to beam dump with magnets and vacuum 
5) operational  beam dump 
6) if not yet available, the SC cavity module is replaced by vacuum tube 
7) beneficial occupancy of ERL and ERL service buildings 

  
 
* ERL COMPLETE 
 This milestone is achieved by accelerating electron beam to design energy with circulation through both ERL loops involving at least 

1) operational SC cavity module/modules with 3rd harmonic cavity 
2) Ring magnets, power supplies, vacuum system 
3) Beam instrumentation 
4) Operational control system 
5) Injector complete 

  
* ERL TRANSPORT LINE to RHIC COMPLETE 
 This milestone is achieved after the ERL to RHIC beam transfer line is installed, but not necessarily connected to the magnets directing the e- 
beam in the RHIC ring. 
  
* START In-Tunnel construction of RHIC II modified warm-bore & magnets at IP2, sectors 1 & 2 
 Achievement of this milestone is defined as the date when the ring is physically broken and no more Physics experiments are possible.   In fact, 
this is a date imposed by the experimental program and readiness of all new or modified RHIC magnets and vacuum chambers for RHIC’s Yellow and 
Blue Rings.  The BRAHMS experiment must be removed by this time. 
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* COMPLETE Construction of RHIC II modified warm-bore & magnets at IP2, sectors 1 & 2 
 This milestone is achieved when the RHIC rings are closed again and could again be used for heavy ion experiments. (RHIC can operate at this 
point, but not with e-cooling). 
 
* START construction of the electron beam “Figure 8” elements at IP2, sectors 1 & 2 
 This milestone is defined as the date when work starts on the in - tunnel electron beam transport elements. It requires access to the tunnel and 
readiness of all the electron beam transport elements that reside in the tunnel.  
 
* COMPLETE construction of the electron beam “Figure 8” elements at IP2  
 This milestone is achieved when all electron beam elements that are sited in the RHIC tunnel at IP2 are installed and ready for commissioning of 
the complete electron part of the Project.  All e-systems are fully operational. 
 
* Construction of electron cooler COMPLETE  

 Achievement of this milestone is defined as the date when the complete, modified IP2 with sectors 1 & 2 and the ERL and its connection to RHIC 
are integrated, and electron cooling commissioning can start. 
 
 

RHIC Electron Cooling Parameters 
Remarks:  
Parameters are given per ring. 
Physics design information can be found at: 
http://www.bnl.gov/cad/ecooling/docs/PDF/Electron_Cooling.pdf   
http://www.bnl.gov/cad/ecooling/docs/PDF/Beam_dynamics.pdf   
http://www.bnl.gov/cad/ecooling/docs/PDF/IR-design.pdf  
  

Common Parameters 
Protons to gold ions at 100 GeV/A  
Ion number per bunch 109 gold or 2x1011 protons 
Ion charge 79 or 1 
Initial normalized rms emittance 2.5 μm 
(in both transverse planes) 
Initial rms momentum spread 5·10-4 
Initial rms bunch length 19 cm 
110 stored bunches 
RF frequency (store) 197.043 
Bunch frequency 9.383 MHz 
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ERL RF frequency 703.75 MHz  
Harmonic number 2520 
RF voltage 3 MV 

Cooling section 
Wiggler, helical, length 80 meters 
Magnetic field range 0.001 Tesla 
Wiggler pitch period 8 cm 
Rms magnetic error ≤5 10-6  
Ions β function in wiggler ≥ 400 m  
Max rms beam size: 6.5 mm 
Vacuum chamber ID 12*rms_size: 8 cm diameter 

Electron beam (for 100 GeV/n cooling) 
Kinetic energy 54.3 MeV  Bunch charge 5 nC 
rms bunch length ~1 cm rms normalized emittance ≤4 μm 
rms relative momentum spread < 0.0005 
 
Average luminosity for gold over a 4 hour store: 
Without cooling (β*=1m) 8⋅1026 With cooling (β*=0.5m) 7 1027. 

 

ERL RF 
1½ SRF Gun:  

703.75 MHz, 5 MeV energy at the exit. 
Two 5 cell SRF cavities: 

703.75 MHz cavities,15 MeV energy gain per cavity 
One 3rd harmonic SRF cavity: 

2.111 GHz, 3.5 MeV energy gain per cavity 
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Figure 1a. The IR 2 region and the electron cooler.  
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Figure 1b. The IR 2 region and the electron cooler, detail.  
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Figure 2. The IR 2 region and the electron cooler – 3-D version. This figure is for illustrative purposes only.   
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Fig. 3. Project life cycle 
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Table 1: Magnets in the electron accelerator and transport. 

  
10% more (1 minimum) numbers for each magnet type has to be added for a spare!  

Table 1a. Solenoid Magnets in the two loops of the ERL and transport line to/from RHIC 
 

Identification Magnetic 

Length, cm 

Max mag. field, 

kG 

Beam energy, 

MeV 

Aperture R, 

cm 

Quan. Power supply 

(quan.)  

Type S1(inside of SCGun cryostat) 10 1 5.2  5.0 1 Individual  (1) 

Type S2 (inj/ejec) 10 1 5.2  5.0 3 Individual (2) 

Type S3 (at the end and between RF cavities) 10 3 30 3.0 6 Individual (4) 

Type S4 in cooling section  (yellow) $) 10 0.4 54.8 4.0 10+10 Joined (1) 

Type S4 in cooling section (blue) $) 10 0.4 54.8 4.0 10+10 Joined (1) 

Type S5 in cooling section for matching beta 

functions  

20 2.0 54.8 4.0 8 Joined (1) 

$) A pairs of solenoids go each 10 meters in cooling sections, and all solenoids in one section are joined in series. 
 
 

Table 1b. Helical Undulator  Magnets in the cooling sections RHIC 
 

Identification Magnetic 

Length, m 

Max mag. field, 

G 

Beam energy, 

MeV 

Aperture R, 

cm 

Quan. Power supply 

(quan.)  

Type U1 (yellow) $$) 3 10 54.8 4.0 24 Joined (1) 

Type U1 (blue) $$) 3 10 54.8 4.0 24 Joined (1) 

$$) Three helical undulators 3m length each are joined in one super-section. There will be 8 super sections in both RHIC rings. 
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Table 1c. Dipole Magnets in the two loops of the ERL and transport line to/from RHIC 

 
Identification Bend 

Radius, cm 

Bend Angle, 

deg 

Edge Angle, 

deg 

Beam energy, 

MeV 

Mag. field, 

kG 

Gap, cm Type Qty. Power supply 

(quanty 

Type D1 20 60 15.0 30  5.0 3.0 Chevron 6 Joined *) 

Type D2**) 40 30 7.5 54.8 4.5  3.0 Chevron 2 Joined *) 

Type D3**) 40 60 15.0 54.8 4.5  3.0 Chevron 4 Joined *) 

Injection 1 60 15 3.75 5.2 0.3 6.0 Chevron 2 Individual 

Injection 2 60 30 7.5 5.2 0.3 6.0 Chevron 2 Individual 

Injection chicane  350 2.6 n/a 30 0.3 3.0 Rectangle 3 Individual 

Ejection chicane 60 30 n/a 5.2 0.6 3.0 Rectangle 4 Individual 

*) Each magnet needs a trim coils 
**) Type D2 can be replaced by type D1 with 10% lower current 
***) Type D3 can be replaced by 2 type D1 with 10% lower current 
 

Table 1d. RHIC merger, matcher dipole magnets 
 

Identification Bend 

Radius, 

cm 

Bend 

Angle, 

deg 

Edge 

Angle, 

deg 

Beam 

energy, 

MeV 

Magn. 

field, 

kG 

Gap, 

cm 

Type Quan. Power supply 

 

Type D4 400 15 3.75 54.8 0.5 10.0 Chevron 8 Joined  *) 

Type D5 40 30 7.5 54.8 4.5  3.0 Chevron 5 Joined *)  

Type D6 40 60 15.0 54.8 4.5  3.0 Chevron 4 Joined *)  

*) Each magnet needs a trim coils 
Table 1e. Quad magnets in the ERL loops 

 
Identification Magnetic 

Length, cm 

Straight, 

cm-1 

Beam 

energy, MeV 

Max gradient 

kG/cm 

Aperture 

R, cm 

Quan. Power supply 
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Type Q1 15 0.05 30  0.4 1.5 20 Individual *)  

Type Q2***) 15 0.05 54.8 0.7  1.5 25 Individual*)  

 
Table 1f. RHIC merger, matcher Quad magnets  

 
Identification Magnetic 

Length, cm 

Straight, 

cm-1 

Beam energy, 

MeV 

Max gradient 

kG/cm 

Aperture 

R, cm 

Quan. Power supply 

 

Type Q2***) 15 0.05 54.8 0.7 1.0 55 Individual *) 
*) Each magnet needs trim coils 
***) Q1 and Q2 may be replaced in one quadrupole type with maximum gradient 0.7 and aperture 1.5 cm  

 
Table 1g. Steering magnets 

 
Identification Length, 

cm 

Beam energy, 

MeV 

Magn. field, 

G 

Gap, 

cm 

Type Quan. Power supply 

(quanty) 

100m Cooling section, X+Y, yellow $$$) 10 54.8 50 8.0  30+30 Individual (60) 

100m Cooling section, X+Y, blue $$$) 10 54.8 50 8.0  30+30 Individual (60) 

All other (ERL loops, merger, transport), 

X+Y 

10 30 –  54.8 50 3.0  20+20 Individual (40) 

 
$$$) A steering dipoles go every 3 meters in cooling sections, each steering dipole corrects the beam angle in vertical and horizontal directions.  
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Fig. 4 E-cooler ERL with two passes 

 
 
Fig. 5. Detail of injection path from gun to ERL cavity. 
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Fig. 6. Schematic of layout at IP2. 
 
 

 
Fig. 7. Schematic of the turn-around loop in the RHIC tunnel (1 of 2). 
 

 
 

RHIC Lattice for Electron Cooling 
 

 

Introduction 
The current geometry of the RHIC interaction region (IR) must be modified to accommodate the requirements for electron cooling. The requirements are:  

1. Moderate β functions of 50 m for injection acceptance. 

2. Large β functions of 400 m through the electron cooling region. 

3. Vertical beam separation of 7 cm at the interaction point (IP). 

To achieve these goals we need to modify the existing RHIC IR. In the sections that follow, we present a proposal on necessary modifications to achieve 
the above requirements. 



Version 7.1, February 22, 2007 
 

 

 

Geometry 
To provide enough drift space, we present a local and global geometric solution. First, consider a global approach that involves two IRs. Here we will 
untwists both IP12 and IP4 [1], see Figs 8 and 9. This is proposed so that one IR will be used for eCooling and a the other IR is used for eRHIC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Schematic of  RHIC layout for both Blue and Yellow rings with six independent interaction regions. 

The problem with this approach is the cost. At IP2 the Blue beam will be passing through a Yellow sector  and vice versa. In these sectors many of the 
magnets will need to have there polarity changed which will be an expensive undertaking. For this reason a local approach has been proposed.  
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Figure 9: Schematic of  RHIC interaction  regions with IP12 and IP4 untwisted.  With this proposal, one IR can be used for electron cooling 
while the other IR can be used for eRHIC. 

In the local approach, only one IR is modified [2]. The crossing dipoles are removed and the strengths for the D5 magnets are adjusted so the beams 
continue through their respective rings. Fig 10 shows a schematic of this proposal. The change in geometry causes this insertion to be shorter by 1.996 
mm than the standard RHIC insertion. 

 

 

 

 

 

 

 

Figure 10: Schematic for changing only one IR. This approach provides enough drift space to meet the electron cooling requirements. Since the 
beams can still cross, vertical separation will be required to prevent this. 
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For cost reasons we adopt the local approach. In the next section we discuss the beam optics. 

Optics 
The goal for the optics is to provide a large  β function in both planes through a large warm drift space. This β function should be 400 m.  Furthermore, 
we would like to reuse as much existing hardware as possible to reduce the overall cost. Without the crossing dipoles, the triplets can be moved much 
further from the IP providing a large drift space for the electron cooling. Additionally, we will not be using the quadrupoles Q4 and Q5. Due to the need 
of a large current in the outer Q6, this is replaced with the longer Q4 magnet. The calculated currents assume this change. 

To find a solution, there is a minimum of 12 constraints as shown in the schematic Fig 11. 

 

 

 

 

 

 

Figure 11: Schematic showing the minimum of 12 constraints used in the matching. Six constraints at the IP to achieve the large β functions 
desired and 6 more constraints to match the insertion to the arcs. Additional constraints for controlling the β functions in the IR sections are also 
used. 

Arc Left IR Right IR Arc IP 

6 6 
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Figure 12: The twiss and dispersion functions for the electron cooling section with a 400m β functions through the large warm drift space. 
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Figure 13: The twiss and dispersion functions for the electron cooling section with a 50m β functions through the large warm drift space. For 
injection optics. 

The optics matching is performed using the MAD program [3]. Fig. 12 shows the twiss and dispersion for optics with 400 m through the electron cooling 
region. 
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Since the β function is large, injection acceptance needs to be addressed. To allow sufficient acceptance, a 50 m β insertion is desired. Furthermore, a 
smooth squeeze path of the power supplies from 50 m to 400 m is required. Fig. 13 shows the optics for the 50 m β solution. Fig. 14 shows the quadrupole 
gradients as a function of  β. All other quadrupoles and dipoles beyond the D5 magnets remain unchanged except the Q6O was replaced by a Q4 magnet 
which is longer resulting in the quadrupole center further from the IP and Q6I magnet was moved 6.226 m away from the IP. 

In the next section, we look at the hardware requirements. 

Magnets 
The D5 dipoles are connected to the main dipole bus in RHIC. The strengths of these dipoles must be changed in order for the beam line to go from a D5 
magnet to the other D5. Note, there are two D5 magnet types: an inside type and an outside type. The change in strengths required are shown in Table 2. 
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Figure 14: The gradients of the quadrupoles (Bρ = 831.763T-m) versus the insertion β function. This is for the blue ring eCooling section. The 
gradients for the yellow eCooling  section differs slightly from the blue ring. 
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Table 2: The change in bend angle for the inner, D5I, and outer, D5O, D5 dipoles. 

 

This can be handled by adding a shunt power supply on these magnets. 

For the quadrupoles, we present their corresponding strengths and estimate the current required. These results are shown in Tables 3 and 4 for the heavy 
ion and proton electron cooling sections. 

In these solutions the Q6 magnets, both inner and outer are quite strong. Since, the Q4 quadrupole, which is longer than Q6, is not being used, we can 
replace the Q6 with Q4 to reduce the current requirements. In Table 4, we need to keep an eye on Q9O and Q7O quadrupoles, which also require large 
currents. 

 
 

Table 3: The strengths and estimated currents with 400 m β function. Note, the longer length of Q6O  comes from using an Q4 which is no 
longer used. Furthermore, 70 Amps current is in the trim quadrupole next to the Q6I to reduce its strength. 

Dipoles Length [m] Current Angle [mrad] Change in Angle [mrad] Change
D5O 8.698 35.863893 1.320244 3.6813%
D5I 6.916 28.514816 -1.320244 -4.6300%
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Vertical Separation Bumps 
The vertical separation of the ‘blue’ and ‘yellow’ crossing rings was designed without affecting the existing horizontal solution of [~110 m long cooling 
interaction region with the βx~400 m high betatron function throughout]. The vertical dispersion matching is accomplished by the simplest possible 
solution with the four small vertical bending magnets. Four magnets per ring, 1.1 m long, are identical, and placed right before and after the triplet 
cryostat. The crossing point at the center of the interaction region needs to have two rings vertically separated. The vertical separation at the crossing 
region is 7 cm. This is satisfying very much the aperture limitations set up in RHIC because the sigma of the beam is 

( )
( ) mm==
γβ
βπε

=σ yN 3.5
1086

4001020
6

/ 6

⋅
⋅× −

, making the size of the pipe diameter ~ 60 mm equal to 17σ. 

 
The long straight sections connect the ends of the D5O magnets from outside ring to the other side of the interaction region with the D5I inside ring and 
opposite (as presented in figures bellow). 
 
The ~105m long straight pipe of one ring is in the horizontal plane is 35mm above the ring plane. The solution is schematically shown in both horizontal 
and vertical projections in Fig. 17. 
 
The same solution schematically presented in three dimensions is shown in Fig. 18. 

Additional drifts to allow the vacuum valves to be placed at the end of the cryostats are provided.  At the present triplet cryostat design a distance from 
the end of the magnetic edge of the quadrupole Q3 to the end of the valve is 2.7059m, this is preserved in the present design. The first vertical dipole, as 
presented in Fig. 17, is connected to that valve. A distance from the magnetic edge of the quadrupole Q1, on the other side of the cryostat, to the flange to 
connect the present D0 magnet (to be removed in future) is 1.26465m. Additional 0.04872m are added for a vacuum valve. The second vertical dipole, 
presented in Fig. 17 is connected to the valve. 
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Figure  16: Two vertically separated rings at the crossing 
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point.  

Figure 17: Vertical and horizontal projections of the two rings, schematically presented at one side of the cooling section of the RHIC straight 
section. 
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Figure 18: The vertical separation schematically presented in three dimensions.  

 

 

Design procedure 
The required vertical separation or geometrical conditions and the vertical dispersion matching are accomplished without affecting the present horizontal 
design. The vertical separation of 7 cm between the two rings is obtained by Ld=1.101 m long warm dipole with magnetic field of By=1.6 T. All dipoles 
are the same and provide vertical bending angle of θ=2.124 mrad at the maximum energy (Bρ=833.9 Tm). The required geometrical condition is 
schematically presented in Fig. 19. 
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Figure 19: Geometrical constraints. 

 
The vertical dispersion matching was obtained by placement of the vertical dipoles at the lattice positions with the required vertical betatron functions 
values.  First, the second and third vertical dipole are placed as close as possible to the triplet cryostat to allow the longest free space distance between 
them, making the longest possible cooling section. The design is presented in the normalized dispersion space in Fig 20. The horizontal and vertical axes 
are defined as: 

ζ = D
y' �β y �

Dy α y

�β y

and χ =
Dy

�β y

.  

 
The vector  ξ1 is defined �1= �1��1 , while the betatron phase difference between the two vertical dipoles is presented as angle. The strength of the 
vector representing the second vertical dipole is related to the strength of the first vector as: ξ2=0.99407 ξ1. This is a consequence of the relationship 
between the vectors presented in Fig. 20. 
 
The matching is achieved by starting from the origin at the end of the last bending dipole labeled as  ξ4. The betatron phase differences between the first 
and the second dipole and between the second and third dipole are φ1,2=2.48o  φ3,4=2.088o, while the phase difference between the second and third dipole 
is φ2,3= 14.933o. 
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Figure 20: Four vertical dipoles presented in the normalized dispersion space, showing the final result very close to the origin of the graph, 
indicating excellent dispersion matching. 
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The second vertical dipole has the same bending direction as well as the strength as the third one ξ2 = ξ3. The position of the first vertical dipole in the 
lattice should provide matching conditions presented in the next equations:  
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The interaction region (IR) for the RHIC cooling is designed as a symmetric solution with respect to the center. The quadrupole triplets on one side of the 
IR follow the same DFD structure. The regular RHIC lattice is made of anti-symmetric triplets: on one side of there is DFD while on the other is FDF. 
The horizontal betatron function matching of the RHIC cooling section to the rest of the RHIC lattice is accomplished by adjusting the quadrupole 
strengths in the interaction region between the triplets and the arc magnets. Due to existing asymmetry the vertical dispersion matching is more difficult.  
The betatron functions in the interaction region are presented in Table 2. 
 

Table 4. Vertical betatron functions in the cooling interaction region 

 
Element s(m) βy αy νy 
TLSCI1 83.350 348.251 -10.239 0.583 
TLSCI1 83.35 348.251 -10.239 0.583 
VKCK1 86.662 412.733 -11.1537 0.5842 
OQ3Q4 90.693 515.016 -12.47 0.586 

Q1I 99.722 381.912 -17.599 0.59 
TLSCI1 102.427 407.274 0.135 0.591 
VKCK2 103.092 407.1369 0.133575 0.5911 

MCR 156.522 400 0 0.612 
VKCK3 209.952 407.1369 -0.133575 0.6339 
TLSCO 210.617 407.357 -0.136 0.634 

Q3O 222.351 513.876 13.187 0.638 
VKCK4 226.4389 411.747 11.8701 0.6397 
TLSCO1 229.694 338.556 10.687 0.641 
TLSCI1 83.35 348.251 -10.239 0.583 
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Conclusions: 
Matching of the vertical dispersion is excellent at the top energy – full cancellation outside of the vertical bending. There will be a small mismatch in the 
vertical plane from injection to the full energy as the betatron function at the first dipole are not be absolutely the same as after the triplet. The kick size: 
θ=2.123 mrad .The magnetic field assumed B=1.6 T, at the full energy Bρ=833.904 Tm, the magnetic length required is ~1.106  m. There are four dipoles 
per ring – total of eight dipoles. 
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 Fig. 21a. Magnet layout at IP2 
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Fig. 21b. Magnet layout at IP2  

 


